We present the framework of the modeling package IonoSeis. This software models Global Navigation Satellite System (GNSS) derived slant total electron content (sTEC) perturbations in the ionosphere due to the interaction of the neutral atmosphere and charged particles in the ionosphere. We use a simplified model to couple the neutral particle momentum into the ionosphere and reconstruct time series of sTEC perturbations that match observed data in both arrival time and perturbation shape. We propagate neutral atmosphere disturbances to ionospheric heights using a three-dimensional ray-tracing code in spherical coordinates called Windy Atmospheric Sonic Propagation (WASP3D), which works for a stationary or non-stationary atmospheric models. The source of the atmosphere perturbation can be an earthquake or volcanic eruption; both couple significant amounts of energy into the atmosphere in the frequency range of a few Millihertz. We demonstrate the output of the code by comparing modeled sTEC perturbation data to the observed perturbation recorded at GNSS station BTNG (Bitung, Indonesia) immediately following the 28 September 2018, Sulawesi-Palu earthquake. With this framework, we provide a software to couple the lithosphere, atmosphere, and ionosphere that can be used to study post-seismic ionospherically-derived signals.
Introduction
Predicting the arrival time and amplitude of tsunamis along coastlines around the world is one of the most pressing natural hazard challenges facing today's society. Many places on Earth experience significant ground motion, however 72% of our planet is covered by oceans, where it remains challenging to put seismic instrumentation. Moreover, around 10% of the world's population lives in coastal areas less than 10 m above sea level, while 40% of the world's population lives within 100 km of the coast [1] . Satellite-based remote sensing methods provide a new tool to observe tsunami phenomena in the open ocean, well before they reach the shallow water that leads to destructive waves. These same methods are providing new observations into static co-seismic and post-seismic ground deformation as well, something InSAR currently does at low temporal resolution. While we have recently seen an increased number of tsunami observations using GNSS-derived total electron content signals (e.g., [2] ), we have yet to see an accurate and comprehensive modeling framework created that enables real-time tsunami hazard characterization. We present the status of our development efforts for such a system, which is dedicated to rapidly quantify ionospheric perturbations related to these natural hazards.
Disturbances in the ionosphere naturally occur at many different wavelengths. On a planetary scale, Rossby waves result from latitudinal variations in the strength of the Coriolis effect and have wavelengths of 1000s of kilometers [3] , while, at smaller scales, acoustic gravity waves propagate at wavelengths of 100-3000 km [4, 5] . This phenomenon has been known for many decades [6, 7, [7] [8] [9] [10] [11] [12] . Collectively, any disturbance propagating through the ionosphere is known as a traveling ionospheric disturbance (TID). As these disturbances occur at many different wavelengths, that means they also occur at many different periods. Aside from the well-known seasonal and diurnal variations, internal gravity waves, particle precipitation, and ultra-low frequency (ULF) waves also perturb the ionosphere (e.g., [13] and the references therein).
These disturbances disrupt signals in global navigation space system (GNSS) communication. This disruption to GNSS by ionospheric disturbances is a result of the cumulative effects of the total electron content (TEC) along the satellite-receiver line of sight (LOS). GNSS positioning automatically corrects these disruptions using two frequencies. Importantly to this study, Calais and Minster [14] outlined a method to obtain the TEC time series from GNSS data. This trans-ionospheric method derives from the difference of propagation delay between signals emitted by GNSS satellites on two distinct radio frequencies registered by dual-frequency GNSS receivers and provides a mechanism to study the time-history of TEC in the ionosphere layer of not only Earth, but potentially other planetary bodies that contain an ionosphere.
Since the mid-1990s, new applications, for which the GNSS system was not originally designed, have been proposed and developed. For instance, sounding of the atmosphere for troposphere water content [15] or for aerosols in eruptive plumes [16] are now standard uses. More related to this study, global networks of high-frequency GNSS stations provide very dense measurements of TEC, making it possible to invert for the 2D and 3D structure of the ionosphere (e.g., [17] ). Over the last decade, researchers around the world have begun analyzing TEC time series to study the source mechanisms and time-histories of acoustic and infra-gravity waves in the atmosphere. In this paper, we focus on a singular application: earthquakes and the acoustic energy coupled from the lithosphere into the atmosphere, which eventually leads to perturbations in the electron density of the ionosphere.
Acoustic waves in the atmosphere associated with TIDs are common and can be caused by a variety of sources, including volcanic eruptions [18] , earthquakes [19] [20] [21] , tsunamis [22] , large storms [5, 23] , solar flares [23] , meteorite impacts [23] , interplanetary shocks [24] , and human-caused sources such as explosions [25] and rocket launches [26] (see [23, 27] for comprehensive lists). There is now compelling evidence that the ionosphere is sufficiently affected by earthquake-related ground motion and tsunami waves, the latter of which can be tracked with TEC [28, 29] .
In this paper, we present a modeling package for acoustic sources derived from coupling of the solid or oceanic part of Earth into the atmosphere. We focus on so-called coseismic ionospheric disturbances (CIDs, e.g., [19] ). These are TIDs specifically related to seismic sources. Three classes of CID sources are common in the literature:
1.
the direct acoustic wave from the uplift, subsidence, or horizontal motion at the earthquake source (e.g., [19, [30] [31] [32] ); 2.
Rayleigh-coupled acoustic waves (e.g., [33] ); and 3.
internal gravity waves created by mega earthquakes (e.g., [34] ).
In all cases, wave energy from a source in the solid-Earth or ocean couples into the atmosphere to create propagating acoustic waves. These acoustic waves travel through the atmosphere and couple into the ionosphere to produce local perturbations in the electron density.
We are currently working to improve our ability to model the GNSS-derived TEC response to acoustic and infra-gravity wave disturbances sourced from Earth's surface and the atmosphere. The most successful attempts to model near-source earthquakes or volcano-induced ionospheric disturbances have been based on acoustic ray tracing combined with an atmosphere-ionosphere coupling model. Thus, over the past few years, we have been developing the software package IonoSeis to model CIDs systematically registered with GNSS receivers following the occurrence of shallow earthquakes. IonoSeis combines existing and original pieces of code into a single package to rapidly model the electron density from 100 to 500 km altitude and computes TEC signals. We are able to rapidly model this entire process, albeit an approximation to full physics, from the coupling into the atmosphere, propagation to the ionosphere, and coupling in the ionosphere to perturb the electron density. This software does not model nonlinear wave breaking effects or resonance in the lower atmosphere due to refraction. At present, this code only models the direct wave caused by the source uplift. Some effects (e.g., dissipation) are taken into account and how this is done is presented in the following sections. Finally, we discuss the parts of the package that we plan to improve in the future and present an example case study from the 2018 Sulawesi tsunamigenic earthquake.
The main objective of this paper is to present our current modeling framework and discuss the obstacles of this multi-physics problem. We suspect that, once the scientific community has a robust modeling code, we can begin to better characterize the relationship between the earthquake rupture and observed TEC perturbations. Observational studies have already demonstrated (e.g., [21] ) the potential relationships between earthquake parameters and TEC amplitude beyond vertical uplift (i.e., dip-slip motion). However, because of the complex coupling among the neutral atmosphere, the ionosphere, and the TEC measurement method (e.g., line-of-sight integration), the amplitude of observed TEC can vary due to myriad processes, and there is not a simple (linear) relationship between the surface motion of the solid Earth or ocean and the amplitude of observed TEC perturbations. Recent studies have used IonoSeis to study complex earthquake sources (e.g., [35, 36] ), and hence a detailed publication of this software is warranted.
Materials and Methods
The ionospheric signal that we observe with dual-frequency GNSS communications is the slant total electron content (sTEC) [14] . sTEC is defined as the path integral from a moving satellite to a (static) receiver on Earth's surface:
where N e ( r, t) is the electron density of Earth's atmosphere (e.g., [37] ). The limits of the integrand are the location of the Satellite and Receiver, respectively, in an Earth-centered, Earth-fixed (ECEF) coordinate system. The implementation of the LOS integration is provided in Appendix A. In the following subsections, we discuss how we compute N e ( r, t) within our modeling framework such that we can compute TEC using Equation (1). We also describe how we extract sTEC from actual GNSS data.
sTEC Observation Data
The sTEC measurement differs from another TEC measurement, which is called vertical TEC (vTEC) (e.g., [38] ). The unit of measurement for TEC is the total electron content unit (1 TECU = 10 16 electrons/m 2 ). We can extract the biased sTEC time series from the phase differences of the two GNSS carrier frequencies (e.g., [31, 39, 40] ). The following formula is used to obtain sTEC from the carrier phases,
where f 1 and f 2 are carrier wave frequencies (1.2 GHz and 1.5 GHz, respectively), λ 1 and λ 2 are the corresponding wavelengths, and L 1 and L 2 are the carrier phases.
The Electron Density Model
To model the observed sTEC, we need to model the dynamic electron density in the ionosphere, which is a multi-physics problem. The electron density depends on altitude, local time, and a variety of other non-stationary processes. In this study, we define N e ( r, t) as the sum of the background density (N e0 ) and a local perturbation (δN e ) due to a passing acoustic wave propagating through the atmosphere. In this way, we split the integral in Equation (1) into two parts:
The modeling of the ionosphere is thus divided into two parts:
1. modeling the background electron density (N e0 ); and 2.
modeling local perturbations (δN e ) due to transient phenomena.
In this particular study, we call this second part the coseismic ionospheric perturbation (CIP). By computing sTEC using Equation (3), we provide the user with both the background sTEC and the perturbation sTEC time series. The user can add the two time series together to estimate the complete sTEC with time. We now work backwards-from the ionosphere to the ground surface-to present the framework of how we calculate the CIP, beginning first with a description of how the background electron density is derived.
The Background Ionosphere
There are many models that exist for the Earth's background ionosphere. These models are based on a number of different physical assumptions and lead to slightly different time-dependent values. Solar radiation strongly impacts the atmosphere temperature and molecular composition [41] used to derive the parameters of the propagation medium (i.e., sound speed and density); therefore, the local time and geographic location are important to all ionosphere models. To generate the ionosphere model in IonoSeis, we use the International Reference Ionosphere (IRI2016) model (e.g., http: //irimodel.org [42] ) to compute the background electron density (N e0 ). Using the IRI2016 package, we generate a three-dimensional grid in the atmosphere directly above the solid Earth or ocean surface. This grid exists from 100 to 500 km altitude and can extend laterally to about 700 km from the earthquake/tsunami epicenter. The 3D grid spacing in the vertical direction is 5 km, and the horizontal spacing is 40 km. These spacings can be varied by the user, at the cost of more or less computation time. For horizontal wavelengths around 100s km, the horizontal spacing of 40 km provides 3-4 points per wavelength. In the current implementation, the grid is centered directly above the known earthquake source location (i.e., the epicenter). It is important to note that not only does the electron density vary significantly with altitude, it also varies with latitude, longitude, and local time. Once the background electron density is known, we can compute the CIP.
The Coseismic Ionospheric Perturbation
We obtain the CIP following a simplified neutral-plasma coupling scheme proposed by Rolland et al. [33] . In essence, we project the neutral particle motion v n ( r, t) into the direction of the local geomagnetic field B( r) following Hooke [12] to create the ionized particle motion field v i ( r, t):
Equation (4) is derived from [43] , withB the magnetic field unit vector (see [33] for the complete derivation of Equation (4)). In this formulation, we neglect other sources of plasma motion (e.g., equatorial spread F or other disturbance electric fields from storms (Chapter 11 in [4] )) that occur on the same time scales as CIDs. The 3D electron density perturbation δN e is computed by integrating the linearized electron density continuity equation over time:
In this formulation, we assume loss and production terms due to photoionization and chemical reactions are steady and equal (e.g., [13] ) such that we can neglect them. We also assume that perturbations are small compared to the background electron density N e0 . The divergence term in Equation (5) is computed using a centered finite difference (Appendix B). We compute the full 3D divergence because initial tests demonstrated that the variation in lateral electron density led to significant differences in TEC during the LOS integration [44] . This is in contrast to other studies which sometimes approximate this term using only the radial (or local vertical) component of the divergence (e.g., [45] ), which can be valid in the far-field approximation, where an acoustic wave can be considered a plane wave.
The Geomagnetic Field
From IRI2016, we obtain the geomagnetic field inclination and declination on the same 3D grid as the ionosphere model. These parameters come from the International Geomagnetic Reference Field (IGRF) model [46] . The significance of the geomagnetic field in Equation (4) can be observed in the so-called ionospheric coupling coefficient [25] . The coupling coefficient (α) is defined as
where k is the wave vector of v n ( r, t) (i.e., the neutral particle velocity). The coupling coefficient is therefore the projection of the neutral particle velocity onto the geomagnetic field vector [12] . The ion velocity ( v i ) induced by the neutral particle motion is largely proportional to α (e.g., Figures 12 and 13 in [33] ), which describes how the neutral particles transfer momentum into the ionized particles. As evident in Equation (4), the ionized particles only transfer momentum in the direction of the local geomagnetic field, so only a portion of the momentum is transferred from the neutral particles to the ionized particles.
The Neutral Particle Velocity
To compute either the coupling coefficient (α) or the ionized particle velocity ( v i ), we need to know the incident neutral particle velocity, which comes from the acoustic wave perturbation. We model the acoustic source as a purely compressional point source located at the Earth's surface. We propagate the resulting acoustic perturbation using three-dimensional Hamiltonian acoustic ray tracing in a 1D (stratified) atmospheric model, where we shoot rays at many azimuths and many take-off angles in order to sample the entire 3D ionosphere grid. There are multiple approaches to numerically compute v n ( r, t) (e.g., [33, [47] [48] [49] [50] ), but we use ray tracing in IonoSeis; specifically, we use the WASP3D package from [51] , which operates in a spherical coordinate system with a one-dimensional layered atmosphere and was previously used for infrasound modeling in a heterogeneous atmosphere (e.g., [52] ). This package solves the linearized hydrodynamic equations for a compressible fluid in the high-frequency approximation. We do not model acoustic resonances due to multiple bounces in the low atmosphere waveguide. We also do not currently model lower frequency gravity waves. We only model the acoustic wave with IonoSeis.
From the WASP3D ray tracing, we determine the arrival time (t w ), wave vector ( k w ), and an amplification factor (A w ) related to geometrical spreading and kinetic energy conservation. Note that WASP3D-derived variables contain the subscript w. After computing these parameters along rays propagated throughout the 3D model, the parameters (t w , k w , and A w ) are linearly interpolated to the 3D ionosphere grid such that we can write the neutral particle velocity as a function of space and time:
v n ( r, t) = v( r, t)A w ( r) k w ( r, t),
where v defines the time-history of acoustic wave amplitude (i.e., the source-time function) and k w defines the direction of propagation. This approach follows from ( [31] , Equation (2)), where we combine a source-time function (STF) with the information from the acoustic ray tracing. In essence, we use the arrival time information to build an impulse response and then convolve the impulse response with a STF. We model the STF as a co-seismic acoustic shock-wave taking the form of a bipolar pulse following [18, 25, 30] . The STF we use in IonoSeis is thus the first derivative of a Gaussian pulse (i.e., an N-wave)
where t 0 is the time of maximum particle motion; σ is the pulse width in seconds; A o is the initial amplitude factor, which scales the amount of energy injected in the atmosphere from the point source [18] ; and A z is an amplitude factor that describes how the phase and amplitude are affected by frequency-dependent viscous and thermal losses with altitude (Appendix C). We choose this source model, not because it completely describes the true physics, but because it approximates the observed waveforms well (e.g., [18] ), and will allow us to make quantitative comparisons between modeled and observed data in future studies. We currently include propagation effects not modeled by WASP3D in an ad-hoc way. First, following the approach proposed by Dautermann et al. [18] , we parameterize the broadening of the pulse, which is due to dispersion, by adjusting σ:
where b is a scale factor so that the pulse width increases with propagation time. Second, we compute the viscous attenuation effects on the amplitude for a 10 mHz monochromatic wave following Garcia et al. [53] ; this frequency is the central frequency of the signal we intend to model. Using a normal mode analysis, Lognonné et al. [54] determined that certain frequencies sufficiently couple from the solid Earth into the atmosphere, and hence we choose a center frequency in the range of frequencies related to propagating acoustic waves. Finally, the term A z varies only in altitude (Appendix C) and is applied in addition to the geometrical spreading and kinetic energy conservation term A w .
Results
The IonoSeis package is currently implemented with a number of Fortran90 and MATLAB routines. The following steps are required to generate TEC time series.
1.
Create the model domain-build a 3D grid in the atmosphere that contains background electron density and geomagnetic field parameters → save to a NetCDF file.
2.
For a given epicenter location, run WASP3D over many rays (azimuths and take-off angles) to model the arrival time, the amplitude, and the wavevector of the acoustic wave. 3.
Interpolate the ray parameters to the atmosphere grid → create a single NetCDF file with all necessary parameters. 4.
Solve Equation (5) using time integration-create a NetCDF file with the electron density perturbations (δN e ) at each time step. 5.
Perform LOS integration for a given receiver and satellite pair-create SAC formatted data files that contain the LOS integration for both the background TEC and the CIP TEC (i.e., Equation (3)).
The user can select the time step used in time-integration (Step 3); this is usually 1 or 5 s. It is possible to interpolate or decimate the numerical data to match observed data (e.g., 30 s GNSS data are common), but nothing for this is yet implemented in IonoSeis. The user can set parameters at each step in a corresponding BASH script that is used to run each step (Figure 1) . Below, we demonstrate the code capabilities with a dataset from the recent Sulawesi earthquake in Indonesia. 
Example: 2018 Sulawesi Earthquakes
To demonstrate the current capabilities of the IonoSeis package, we present a comparison of observed and modeled sTEC data for the shallow (20 km depth) M w 7.5 event that occurred on 28 September 2018, Sulawesi, Indonesia. This sequence consisted of two cascading events (M w 6.1 and M w 7.5 earthquakes) that struck the city of Palu on the Indonesian island of Sulawesi [55] . A remarkable and rare feature is the fact that the rupture propagated at super-shear speed [56] . There was liquefaction, landslides, and a near-field tsunami as a result. We show the location of the earthquake epicenter in Figure 2 with the beach ball diagram that indicates this was a dip-slip earthquake. We downloaded the Rinex file for GNSS receiver BTNG from UNAVCO. This is the only dual-band GNSS receiver within 600 km of the epicenter available at UNAVCO. From this file, we extracted the sTEC signal using the TEQC program from UNAVCO. We applied a linear detrend from 0 to 1 h after the event to remove the satellite motion contribution to the sTEC (Figure 3a) . We then applied a zero-phase second-order IIR Butterworth filter from 2 to 13 mHz [57] (Figure 3b) . This station has a max sTEC perturbation amplitude around 0.1 TECU (Figure 3b) , which is relatively strong. Weak CID recordings can be related to a number of factors. For instance, the geomagnetic field plays a significant role in both the amplitude and polarity of TEC observations [31] , as well as the observation geometry (e.g., [58] ). In particular, the amplitude largely depends on the geomagnetic latitude of the event, the GNSS receiver location, and the satellite look angle [32, 33] . The signal from this CID (black line) is above the background noise; therefore, we model this sTEC perturbation using the IonoSeis package. Figure 4 shows the local sound speed profile with height at the time of rupture. For the atmospheric conditions at the Sulawesi earthquake time and epicenter, the amplification factor reaches 1.23 × 10 5 at ∼220 km of altitude before rapidly decreasing due to the filtering properties of the atmosphere [22] and the decrease in density. The background electron density for this time was modeled using a geomagnetic index Kp of 0.7 (very low geomagnetic activity) and a solar radio flux at 10.7 cm (F10.7 Index) of 69.4, with the 81-day average (±40 days) equal to 69.1. The F10.7 index tracks solar flare activity and is a proxy for the Extreme UltraViolet (EUV) emissions that impact the ionosphere. This index is measured daily at Penticton, Canada [60] , and it should be noted that, if IonoSeis were to be used in real-time, we would need a predicted estimate of this index, as IRI2016 updates that daily data only every six months. The geomagnetic field, also modeled in 3D, has an inclination angle at the epicenter of −12.6 • .
To match the observed sTEC perturbation, the electron density perturbation (δN e ) was scaled by an amplitude factor (A o ) of 1.2 × 10 3 and the scaling coefficient b was set to 0.5, which is similar to previous studies (e.g., [31, 35] ). The value of b is related to the source uplift region, but we do not yet have a physics-based model that relates this term to the actual ground displacement. This is an area of future research. After linearly detrending the synthetic data from 0 to 1 h after rupture, we observe that the sTEC matches the observed data well in terms of overall structure (Figure 3a) , but less so after the CID arrives, which may be related to ion recombination effects (i.e., the decrease in sTEC around 0.5 h). After filtering the synthetic data within the same frequency band as the observed sTEC, we observed that the waveform shapes also match well; however, there is a small delay in the arrival time of the synthetic CID (Figure 3b) .
In general, the modeled sTEC perturbation matches the observed sTEC perturbation well in terms of shape and arrival time. From this, we infer that the observed TID is in fact a CID triggered by the epicentral uplift zone, creating an acoustic shock-wave taking the form of a compression-rarefaction pulse. The N-shape is conserved due to the maximum neutral-ionosphere coupling configuration and favorable observation geometry as reported by Heki and Ping [19] and Rolland et al. [31] . A closer look shows that the rarefaction phase is significantly smaller in the observed perturbation than in the modeled waveform. This discrepancy can come from nonlinear effects not taken into account during the neutral-ionosphere coupling step and also from nonlinear propagation of the acoustic wave in the atmosphere. Further investigation is needed to decipher how the different parts of the model contribute to the final waveform.
To demonstrate the geometry of the line-of-sight integration, we plot the background electron density and perturbation in map-view in Figure 5a ,b, respectively. We observed variations in the background density related to the geomagnetic equator, and we observed a change in polarity of the perturbation between northward and southward propagation related to the neutral-plasma coupling model (e.g., Equation (6)). We also observed a larger perturbation amplitude in the southward propagating pulse.
We next present in Figure5c,d the vertical cross sections along the solid black lines in Figure 5a ,b. These vertical cross sections are along the plane that lies in the satellite-receiver line-of-sight path. This is the path along which the integration in Equation (1) occurs. The blue triangle identifies the ground location of the GNSS station BTNG. The cyan dot identifies the IPP; note that the IPP here is for visualization purposes only-to show the altitude of the horizontal slice and the trajectory of the LOS. The IPP is placed at an altitude of 300 km, which lies directly above the zone of maximum amplification (e.g., Figure 4 ). In reality, the IPP location is moving through space and the LOS integration actually extends to the satellite at 20,200 km altitude. At this altitude and time after the rupture, the perturbation is moving almost entirely horizontally from left to right (Figure 5d ) and the LOS integration intersects the perturbation obliquely (Figure 5b) . 
Discussion
The IonoSeis software package can be used to rapidly model sTEC due to a point source on Earth's surface. The code has now been used in a few studies (e.g., [35, 36] ), and we continue to make improvements, including reducing the approximations made in the physics. As is evidenced by the modeled data in Figure 3 , the synthetic model predicts the electron density perturbations 1.3 min after the observed perturbation (Figure 3 ). This has been noted previously (i.e., [35] ), and research is underway to determine the cause of this arrival time discrepancy. This delay increases with distance between the event epicenter and the ionospheric sounding point along the LOS. It is possible that this delay is due to an inaccurate velocity model or other physics at high altitudes, which rays must pass through to make it to epicentral distances of 500 km or more. We note that other GNSS stations were present in the region, but they were at distances greater than 900 km. We currently cannot model ionospheric perturbations this far away until we improve the sampling of the atmosphere by shooting rays at nonlinear intervals. At the moment, the WASP3D code shoots rays over a linearly defined range. There are many areas where this software can be improved, but it is now at a stage that it is ready to be shared with the community so that others can start to study CID phenomena.
Conclusions
We present the framework of a modeling code called IonoSeis. This software enables the computation of GNSS-derived sTEC perturbations due to earthquakes and tsunamis (i.e., CIDs). We demonstrate that the code reproduces the sTEC signal recorded at GNSS station BTNG to within 1.3 min for the M w 7.5 2018 Sulawesi, Indonesia event. The method is based on ray-tracing and a simplified coupling of the neutral atmosphere to the ionosphere. In an ad-hoc way, the modeling accounts for viscous dissipation and dispersion due to propagation in the rarefied atmosphere at ionospheric heights. The package accurately honors the geometry of the moving satellite-receiver line-of-sight integration. This new software package can be used in the future to study processes related acoustic coupling from the lithosphere into the atmosphere, which can eventually perturb the ionosphere. Thus, there exists the potential to study not only earthquakes, but also tsunamis and other phenomena with this new software package. article. The authors thank all contributors to the reference models (IRI2106, IGRF, and HWM14) for providing these open source products to the community. The authors thank David Themens and the ECHAIM project of the Canadian High Arctic Ionospheric Network for providing the F10.7 data and the GFZ German Research Centre for Geosciences for providing Kp index data. This material is based on services provided by the GAGE Facility, operated by UNAVCO, Inc., with support from the National Science Foundation and the National Aeronautics and Space Administration under NSF Cooperative Agreement EAR-1724794. The seismic moment tensor for the Sulawesi-Palu earthquake was provided by the USGS National Earthquake Information Center. This is IPGP contribution no 4057.
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